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Abstract 
A modelling approach to study climate change impact and adaptation strategies on German inland waterways is 
presented. In the German federal research program “Network of Experts” a modelling chain that consists of an 
ensemble of global and regional climate and hydrological models is used to generate hydrological data for a 
range of climate scenarios. This data serves as input in a novel approach to interlink river engineering related 
models. As shown for the case study Lower Rhine in Germany, nested one-dimensional, long-term 
morphodynamic numerical modelling on a large spatial and temporal scale and two-dimensional hydrodynamic-
numerical modelling on a more detailed level will be carried out. The River Navigation Assessment Tool (RiNA) 
connects and weighs model outputs and limitless further information for conducting an integrated waterway 
assessment. It allows an efficient use of modelling resources and could serve as a decision-making tool for the 
German Federal Waterways and Shipping Administration to cope with the impacts of climate change.  
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Nomenclature 
WSV   German Federal Waterways and Shipping Administration 
GIS Geographic Information System 
GlW the water level that is statistically exceeded on 345 days per year 
GlQ Discharge corresponding to GlW (see above) 
HSQ  highest navigable discharge 
KLIWAS BMVI research program “Impacts of climate change on waterways and navigation – Searching 
for options of adaptation” 
MHQ  mean annual flood discharge 
MNQ  mean annual low flow discharge 
MQ  mean annual discharge 
Rh-km  Rhine kilometer 
RiNA River Navigation Assessment Tool  
TEN-T Trans-European Transport Networks in Europe 
1. Introduction  
With 7.300 km of inland and 23.000 km² of coastal waterways, Germany possesses the largest network of 
waterways in Western Europe. It connects most major cities and industrial centers in Germany and exhibits a 
hauling capacity of 62.3 billion tkm (2010) which is expected to increase to 76.3 billion tkm by the year 2030 
(BMVI, 2016). Especially the Lower Rhine, as part of the TEN-T corridor between Rotterdam and the Black Sea 
and being the most frequented inland waterway in Europe, is of great importance for the German economy. The 
availability of rivers such as the Lower Rhine for waterborne transport is affected by the variability of flow 
conditions, and herein also navigable water depths and flow velocities. Thus, riverine navigation is susceptible to 
the known effects of climate change, mainly an increase in flood frequency and intensity as well as more 
frequent and longer lasting low flow conditions. While navigation in high discharge periods is restricted or 
prohibited, the change in flood characteristics and frequency might have an impact on river morphology over 
time and thus have direct consequences for long-term river maintenance strategies. Also, during low flow 
conditions, the navigable water depth is restricted, which leads to a reduced loading capacity or limited 
navigability and, in the long term, to increased management efforts. Both, river maintenance and assuring safety 
and ease of navigation are major tasks for the Federal Waterways and Shipping Administration (WSV). 
The proposed model chain is part of Topic 1 ”Adapting transport and infrastructure to climate change and 
extreme weather events” of the “Network of Experts” research program, which bundles the expertise of six 
federal higher authorities of the German Federal Ministry of Transport and Digital Infrastructure. While the 
preceding program “KLIWAS” (Schröder and Wurms, 2014) only focused on evaluating possible effects of 
climate change for German waterways, the “Network of Experts” seeks to strengthen the resilience of all three 
modes of traffic – road, railway and waterways – with respect to climate change and extreme weather events 
(Hänsel et al. 2018). Also, this work starts where “KLIWAS” ended and advances already developed approaches 
in the field of river engineering with a focus on the Lower Rhine instead of the Middle Rhine. 
In this paper, the tools for evaluating resilience of German inland waterways in the context of climate change are 
presented and their individual purposes in the integrated approach are pointed out. Also, the validation of the 
developed modelling approach is shown. 
2. Method and Data 
1.1. Study Site  
The study site ranges from the cities of Bonn to Emmerich (Rh-km 654.4 – 852.0) and covers the majority of the 
German Lower Rhine including its floodplains. The flood protection system is designed to withstand 100- to 
500-year floods. Within this reach, water levels and characteristic discharge values (Table 1) are available from 
seven gauging stations: Bonn (Rh-km 654.8), Köln (Rh-km 688.0), Düsseldorf (Rh-km 744.2), Ruhrort (Rh-km 
780.8), Wesel (Rh-km 814.0), Rees (Rh-km 837.4) und Emmerich (Rh-km 851.9). There are six relevant 
tributaries considered in the numerical models: Sieg (Rh-km 659.2), Wupper (Rh-km 703.5), Erft (Rh-km 
738.0), Ruhr (Rh-km 780.0), Emscher (Rh-km 797.7) and Lippe (Rh-km 814.4). The WSV ensures navigable 
depths below GlW of 2.5 m between Rh-km 654.4 – 763.0 and of 2.8 m between Rh-km 763.0 – 852.0. The 
fairway is 150 m wide. Already today several restrictions with respect to navigable water depth and fairway 
width are present, which tend to grow with magnitude and frequency of low flow events (WSV, 2016). In 
addition to that, a very high volume of traffic and a large number of infrastructure facilities, e.g. bridges and 
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harbors, result in nautical challenges, especially in the heavily urbanized stretches between Bonn and Duisburg 
(WSV, 2016; WSV, 2010).  
Regarding its sediments, the Lower Rhine consists of mostly gravel and sand with a high spatial and temporal 
variance and a tendency to coarsen over time (BfG, 2012). Table 2 gives an overview of the sediment balance of 
the Lower Rhine. 
Table 1: Characteristic hydrological values for the Lower Rhine and its major tributaries according to WSV, 2016  
Tributary/Gauging station Rh-km [km] MNQ [m³/s] MQ [m³/s] MHQ [m³/s] 
T
ri
b
u
ta
ry
 Sieg 659.2 6.5 52.9 566.0 
Wupper 703.5 5.0 14.9 122.0 
Erft 738.0 10.4 16.4 31.3 
Ruhr 780.0 18.6 71.1 568.0 
Emscher 797.7 9.4 16.3 132.0 
Lippe 814.4 16.7 44.1 248.0 
   GlQ [m³/s] MQ [m³/s] HSQ [m³/s] 
G
au
g
in
g
 s
ta
ti
o
n
s Bonn 654.8 901 1811 * 
Köln 688.0 941 1861 7390 
Düsseldorf 744.2 963 1903 7513 
Duisburg Ruhrort 780.8 1028 1987 7724 
Wesel 814.0 1041 2009 7749 
Rees 837.4 1049 2031 * 
Emmerich 852.0 1058 2030 7729 
     * Not defined 
 
Table 2: Sediment balance in the Lower Rhine between 1991 - 2010 (BfG, 2012) 
Origin Percentage sediment load [%] Sediment load [Mt/a] 
Erosion + 35 + 0.44 
Input from upstream + 32 + 0.40 
Sediment management + 33 + 0.42 
Abrasion - 4 - 0.05 
Deposition in groyne fields and 
flood planes  
- 41 - 0.55 
Output into downstream - 55 - 0.66 
 
1.2. Hydraulics - Two-dimensional hydrodynamic numerical model 
To simulate the hydraulic conditions under varying climate change dependent discharge regimes, the two-
dimensional hydrodynamic numerical model Telemac-2D (Hervuouet and Bates, 2000) is used. Telemac-2D 
solves the depth-averaged shallow water equations on an unstructured triangular grid with a semi-implicit time 
discretization and a finite element discretization in space. Turbulent processes are approximated with the water 
depth depending Elder model and energy losses due to roughness are described by the friction law of Nikuradse. 
Bathymetry and topography of the model is based on a digital elevation model with a 1 m x 1 m raster created in 
2010. The unstructured grid consists of approx. 8.2 x 10
6
 finite elements with a resolution of approx. 6 – 8 m in 
the river channel. It covers all hydraulic relevant structures. To mitigate errors from approximating non-
stationary events by steady state calculations over almost 200 km, the model was divided into four parts. 
Hydraulic calibration and validation  is based on 17 longitudinal water level measurements from low flow to 
highest navigable discharge which cover discharges from 748 m³/s to 7837 m³/s at the gauging station Ruhrort. 
Afterwards, the models are combined, the bathymetry is updated with comprehensive measurements from 2015 
and validated again. The simulated water levels meet the measured data in a range of ± 5 cm for discharges Q < 
2MQ and ± 10 cm for discharges Q > 2MQ. 
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1.3. Morphodynamics - One-dimensional morphodynamic numerical Model  
With the one-dimensional morphodynamic numerical model the sediment transport and subsequent bed level 
evolution on a large temporal and spatial scale can be simulated. Sediment transport and bed level evolution for 
different sediment management strategies are simulated with the model HEC-6T (MBH Software, Inc., 2002) for 
the near (2031-2060) and far future (2071-2100). The model is built of 2310 river cross sections which were 
measured in 2014. The model is hydraulically calibrated using four measured water level longitudinal sections 
for discharges between a low flow (829 m³/s) and a flood event (11,017 m³/s). Morphologically, the model is 
calibrated on the basis of the bed level evolution between 1975 and 2000 and validated for the period 2000 – 
2014. All recorded sediment management activities (e.g. dredging and sediment nourishment) are implemented. 
The simulated parameters encompass primarily the mean bed level evolution and dredged sediment quantities for 
each time step within the two time periods. 
At the current stage of work and for the validation of the combined modelling approach, observed instead of 
simulated dredged sediment quantities between 1990 and 2010 are considered, since they are consistent to 
observed restrictions in the fairway for the respective period. 
1.4. Information integration - River Navigation Assessment Tool (RiNA) 
In addition to the numerical models, the GIS based River Navigation Assessment Tool (RiNA) is used 
(Harlacher, 2016; FZI, 2016). Through RiNA, the navigability of inland waterways can be visualized and 
evaluated in terms of potentials (Figure 1), where a potential of 0 % indicates worst and 100 % indicates optimal 
conditions. The total potential in terms of condition of the waterway is derived through a weighted combination 
of specific potentials. These represent relevant factors for navigability, like flow conditions, river bed dynamics 
as well as navigational specifics. Specific potentials result from an interpretation and transformation of spatially 
distributed data and information within pre-defined normalization bounds which define best and worst conditions 
and a subsequent normalization on a scale of 0 to 100 %. The main advantage of this method is the integrated, 
interdisciplinary, direct and quantifiable evaluation of inland waterways under different scenarios. As depicted in 
Figure 1, two flow parameters, i. e. water depth and flow velocity, and one maintenance parameter, i. e. sediment 
dredging, herein labelled as sediment management, have been selected in the current stage of the project. 
 
Figure 1: The principle behind developing a total potential for navigability with the RiNA method: Grid-based 
interdisciplinary information is converted into normalized specific potentials and combined into a weighted total potential 
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1.5. Modeling Framework 
To evaluate the effects of varied hydrological boundary conditions due to climate change as well as to 
investigate possible adaptation strategies, the aforementioned models and tools are combined to offer an 
integrated assessment of the current and future state of inland waterways. Real and projected hydrological data 
(Hänsel et al. 2018) will be used as boundary conditions for the numerical models. Their respective model 
outputs are transferred to RiNA to develop an integrated total potential that includes hydraulics and sediment 
management (Figure 2). In this way, climate change impacts and corresponding adaptation measures can be 
compared for an ensemble of climate projections. Harlacher (2016) showed the application of the RiNA-Method 
for navigational purposes and proved its strengths in supporting waterway users. In order to make it more 
suitable for the demands of waterway managers, additional potentials which address further activities of the 
WSV can be added in the future. By including the maintenance efforts into the assessment of waterways rather 
than only looking at the hydraulic conditions provides major advantages. For instance, the underlying 
bathymetry in numerical hydrodynamic models describes the situation at a particular instance in time and, thus, 
might not display, for example, recurring shoals which were possibly dredged just recently. A major aim of the 
followed approach is to merge different independent information that is available on varying spatial and 
temporal scales. Due to that, diminishing effects to navigability with a strong temporal dependency, like detailed 
restrictions in navigable depth during low flow situations, won´t disappear in a long-term consideration e.g. 
when solely depending on one-dimensional morphodynamic numerical model. And vice versa, when using an 
integrated approach long-term effects can be taken into account in investigations with rapidly varying boundary 
conditions. Also, investigations can be arbitrarily expanded by adding simulated or measured data, expert 
knowledge or nautical regulations independent of temporal and spatial resolution.  
 
 
Figure 2: Scheme of the interaction of the different models and methods to evaluate impacts of climate change and effects of 
possible adaptation strategies for inland waterways.  
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The usability of the RiNA method within the proposed modeling framework had to be verified and suitable 
weights for the hydraulic parameters and dredging volume have to be chosen. The simulated hydraulic 
parameters at low flow conditions (GlQ) (water depth (d) is an direct indicator for navigable depth and depth-
averaged flow velocity (v) is seen as integral parameter for vessel cruise speed and maneuverability, thus, safety 
and ease of navigation) and known sediment management activities between 1990 and 2010 (vol) are 
transformed into separate specific potentials and combined to a total potential for varied specific weights (Figure 
1). Afterwards, both directions of vessel travel (upstream and downstream) were analyzed. Due to the rather 
homogeneous flow velocity distribution in the fairway at low flow conditions, the respective mean total 
potentials along the river differ approximately by a constant and thus, do not provide any additional information 
to what is already inherent to the underlying parameter values. So only the heading downstream is further 
discussed as an example. The mean total potential every 100 m is defined along the Lower Rhine separately for 
the right, center and left third of the fairway. The corresponding total potentials are then checked against known 
areas of restrictions regarding navigable depth or navigable width of the fairway. In the RiNA method these 
restrictions are indicated by a local decrease in total potential which correlates to the magnitude of the observed 
restrictions. 
3. Results 
Figure 3 and Figure 4 show the derived mean total potentials for the left, mid and right third of the fairway (blue, 
green and red lines) for varying weighting factors 𝑤𝑖  (configurations a) to h)) for hydraulics under low flow 
conditions (d and v) and recorded cumulated volume of dredged sediment between 1990 and 2010 (vol). Known 
restrictions within the fairway regarding usable depth or width as well as bridges are indicated by orange, black 
and green scatter points with corresponding magnitude of the restriction (primary abscissa). For potentials in the 
left and right third (blue and red lines), inward-looking peaks represent restrictions of water depth or navigable 
width, while outward-looking peaks represent improvements over the baseline potentials. For the mid third 
(green line), peaks to the left represent restrictions and peaks to the right represent improved conditions 
respectively. Configurations a) to c) show results which are solely based on d and v potentials. Such analyses 
can be appropriate for example when investigating short-term extreme events. Configuration a) (𝑤𝑑 = 0.6 and 
𝑤𝑣 = 0.4) indicates a too large influence of the flow velocity, which leads to an implausible increase of total 
potential in actually nautical restricted areas, e.g. around Rh-km 699.0 in the right third of the fairway. In 
configuration b) (𝑤𝑑 = 0.7 and 𝑤𝑣 = 0.3) the flow velocity plays a less dominant role, but a general higher 
variance in the potentials can be observed. As a consequence, the identification of relevant bottlenecks gets more 
difficult. Also, in contrast to configuration c) (𝑤𝑑 = 0.8 and 𝑤𝑣 = 0.2) the variation of results within a cross-
section (e.g. Rh-km 761.0) is limited, which is due to the rather uniform distribution of flow velocity across the 
fairway under low flow conditions. When considering only hydraulics, configuration c) provides the best 
conformity with reality. Most known nautical restrictions become visible and the number of misleading peaks is 
minimized.  
In configurations d) – h), information about sediment management in the fairway is included in the analyses. 
When placing too much emphasis onto the hydraulic side (Figure 3 g) – h), 𝑤𝑣𝑜𝑙 = 0.1), most bottlenecks can be 
identified, but high maintenance areas, e.g. around Rh-km 688.0, are not represented appropriately. On the other 
hand, with too much weight on sediment management (Figure 4 d)), differentiated predictions for left, middle 
and right third of the fairway are more difficult to make. The main reason for this is the 1-dimensional character 
of the morphological data.. Configuration f) shows the best performance of the tested weight configurations. 
While configuration e) provides similar results, it also gives some implausible declines in the total potential, e.g. 
between Rh-km 660.0 – 670.0. Table 3 summarizes the finally chosen parameters for deriving the total potentials 
with the RiNA-method. 
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Figure 3: Developed total potentials within the left, mid and right third of the fairway (blue, green and red lines) with 
varying weighting factors (a – d) for hydraulics (water depth d and depth-averaged flow velocity v) under low flow 
conditions and recorded morphologic information between 1990 and 2010 (dredged sediment volume vol). Known 
restrictions within the fairway regarding usable depth or width as well as bridges are indicated by orange, black and green 
scatter points 
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Figure 4: Developed total potentials within the left, mid and right third of the fairway (blue, green and red lines) with 
varying weighting factors (e – f) for hydraulics (water depth d and depth-averaged flow velocity v) under low flow 
conditions and recorded morphologic information between 1990 and 2010 (dredged sediment volume vol). Known 
restrictions within the fairway regarding usable depth or width as well as bridges are indicated by orange, black and green 
scatter points 
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Table 3: Chosen parameters for developing the total potentials with RiNA 
 
Normalization 
bounds 
Corresponding  
specific potential 
Weights for total potential [-] 
 Lower Upper  Lower Upper Hydraulics 
Hydraulics and 
maintenance 
Water depth  d [m] 
Rh-km 654.4 – 763.0 
0.8 0.7 
1.7 2.7 0 100 
Rh-km 763.0 – 852.0 
2.7 3.7 0 100 
Flow velocity v [m/s] 
Downstream 
0.2 0.1 
0 3.6 100 0 
Upstream 
0 3.6 0 100 
Volume of dredged  
sediment vol [m³] 
0 20000 100 0 - 0.2 
4. Conclusion and Discussion 
Identifying present and possible future bottlenecks in waterways under varying boundary conditions as well as 
evaluating appropriate adaptation options to minimize transport limitations is of great importance for waterborne 
transport. Thus, methods and concepts to evaluate and compare possible future scenarios have to be developed. 
The proposed modelling concept proved to sufficiently reproduce the current state of the navigability conditions 
on the Lower Rhine between Bonn and Duisburg and, hence, allows for scenario investigations. Most sections 
showing restrictions concerning navigation or considerable dredging activities can be identified in an integrated 
and quantifiable manner. Thereby different climate change and adaptation scenarios can be compared and 
evaluated in the next steps. A sensitivity analysis of the weighting factors showed that they need to be adapted to 
the specific problem under investigation and corresponding boundary conditions (in this case: low flow 
conditions at the Lower Rhine), like any other model. After that, the method delivers robust and reproducible 
results. 
Although the information about maintenance effort compensates the fact that some depth or width restrictions 
are not displayed in the geometry of the numerical models (e.g., dredging was carried out prior to bathymetric 
survey), some minor restrictions of navigation stay undetected. Future studies on alternative data processing e.g. 
logarithmic expression of maintenance effort and thus narrower norming boundaries as well additional 
morphological indicators might be able to handle that issue. 
A strong point of this method is its flexibility. Arbitrary additional data can be included when investigating 
different flow conditions or problems with relevance to climate change or extreme events which aren´t directly 
related to waterway management. One might think of including transverse flows and specific traffic rules during 
floods or adapted sediment management strategies and, thus, higher potentials due to reduced dredging. Also, the 
presented approach doesn´t replace detailed investigation or modelling of ship dynamics but might be very well 
suitable to incorporate such results into its integrated concept. 
Nonetheless, some subjectivity lies within the interpretation of loss of mean total potential as indicator for 
restrictions within the waterway. A relative comparison between a reference situation and a possible scenario 
mitigates some of these effects, in order to explicitly highlight deterioration and improvements of the waterway 
condition due to climate change and respective adaptation options. However, further studies on how high a loss 
of total mean potential will have to be to really affect the safety and ease of navigation or when navigation is 
impossible needs to be carried out. One way could be to define threshold values or intervals for loss of potential 
to clearly differentiate signals (bottlenecks) from noise in the total potential plots. 
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